Iron (Fe)-doped titanium dioxide (TiO 2 ) nanoparticles were produced via the metallorganic chemical vapour deposition (MOCVD) method at 700
Introduction
One of the most widely used materials is titanium dioxide (TiO 2 ) and it is extensively used for various fields of application especially as a photocatalyst for self-cleaning [1] , water treatment [2] , antibacterial [3] , and air purification [4] . Other than that, TiO 2 has also been used for sensors [5] , solar energy conversion [6] , and as an antiultraviolet (UV) agent [7] . TiO 2 offer the extra advantages of being low cost, having high photocatalytic activity, high stability, nontoxicity, hydrophilicity, and a high refractive index. Up to now, researchers have shown increasing interest in improving this material for more efficient usage.
TiO 2 with a bandgap energy of approximately 3.2 eV requires a UV light source such as sunlight to be photoactivated. The addition of a dopant such as iron (Fe) into TiO 2 has been proven by previous researchers to improve some of its properties. For example, Fe doping has been proven to improve the photocatalytic activity of TiO 2 [8] . It is generally accepted that the improvement in the photocatalytic activity of Fe-doped TiO 2 compared to undoped TiO 2 is due to the fact that Fe 3+ ions can act as both hole and electron traps that enhances the lifetime of the electrons and holes and thus improves the photocatalytic activity of TiO 2 . Furthermore, Fe doping could also encourage the TiO 2 nanoparticles to absorb light at a higher wavelength, and therefore it can potentially be used for indoor applications [9] .
The two common crystal structures of TiO 2 nanoparticles exist in the anatase and rutile phases. Most studies have shown that anatase has a higher level of photocatalytic activity than rutile and that rutile is a very poor photocatalyst [10] . However, it is extensively accepted that the optimal photocatalytic activity of TiO 2 is obtained with a mixture of anatase and a small percentage of rutile. The most common commercial TiO 2 nanoparticles, Degussa P25, consists of 75% anatase and 25% rutile and has a high photocatalytic efficiency that benefits from the mixed phase of anatase and rutile. Fe doping can help to promote phase transition from anatase to rutile [9, 11] . Fe doping can also promote phase transition from amorphous to anatase [11] , which is significant since amorphous TiO 2 is not photoactive.
Many methods have been employed to produce TiO 2 such as sol gel [12] , water in oil emulsion [13] , hydrothermal synthesis [14] , pulsed laser deposition [15] , diffusion flame reactor [16] , and metal organic chemical vapour deposition (MOCVD) [17] . Among these, MOCVD is a promising method because of the ease and simplicity of the process. Conventional steps in sample preparation such as drying, reduction, centrifuging, or hydrothermal processing can be eliminated. The control of particle size and size distribution of the TiO 2 nanoparticles can be easily accomplished by simply adjusting the MOCVD parameters such as the deposition temperature and the flow rate of the carrier gas. Moreover, dopants can be easily introduced into the reactor through a solid source, either separated from or mixed with the precursor making it possible to produce doped TiO 2 via a one step process. MOCVD reactor also has the prospect to be scaled up to industrial scale production levels.
To the best of our knowledge, no report has yet been published on the effects of Fe doping on the photocatalytic activity of TiO 2 nanoparticles produced using the MOCVD method. Only the works of Zhang et al. [9, 18] have produced Fe-doped TiO 2 -coated photocatalysts on supported activated carbon by MOCVD, and the photocatalytic properties of the samples were studied via the degradation of methyl orange. Furthermore, the method used to produce the Fe-doped TiO 2 was slightly different. This current study synthesizes Fe-doped TiO 2 nanoparticles by mixing the dopant and the precursor while Zhang et al. introduced the dopant separated from the precursor; a codeposition method [18] as well as a one-step process [9] . Both methods by Zhang et al. produced Fe-doped TiO 2 coating that exhibited good photocatalytic activity under visible light irradiation.
In our previous work, we prepared the undoped and Fedoped TiO 2 nanoparticles using the same reactor at deposition temperatures of 400 and 700
• C [11] . We specifically studied the effect of Fe doping on the phase transition and the size of the TiO 2 nanoparticles produced. The aim of the present work is to investigate the effect of Fe doping on the surface area, light absorption, bandgap energy, and photocatalytic activity of the samples produced. The amount of Fe dopant was varied from 0.001 to 0.05 g in order to synthesize different concentrations of Fe-doped TiO 2 nanoparticles. The surface area and average nanoparticle size of the samples were studied using Nitrogen (N 2 ) adsorption, the light absorption and bandgap energy were determined using diffuse reflectance spectroscopy (DRS), and the chemical state of the particle surface was studied via X-ray photoelectron spectroscopy (XPS). The photocatalytic activity of the samples was studied via the degradation of methylene blue under the UV light and a fluorescent lamp. 2 Nanoparticles. The titanium precursor, titanium (IV) butoxide (TBOT) from Sigma-Aldrich was used as received without further refinement. The precursor was stored in a bubbler located on a hot plate and maintained at 175
Experimental
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• C to help it vaporize. Different amounts of Fe precursor which was ferrocene (0.001, 0.005, 0.01, 0.03, and 0.05 g) were mixed with 20 mL TBOT inside the bubbler to produce different Fe dopant concentrations. Nitrogen gas (400 mL/min) was used to purge the quartz tube during the initial heating step towards reaching the desired deposition temperature of 700
• C after which, the precursor was introduced into the quartz tube using nitrogen as the carrier gas (400 mL/min) along with an oxygen feed (100 mL/min). Undoped and Fe-doped TiO 2 nanoparticles were then thermophoretically deposited inside the quartz tube upon thermal decomposition of the precursor vapour. After 3 hours, the reaction was terminated by switching off the nitrogen carrier gas and oxygen gas valves. The reactor was allowed to cool down to room temperature under a 400 mL/min nitrogen purge gas flow. The nanoparticle samples were collected from the wall of the quartz tube using a spatula and kept in a sealed container.
Characterization
Method. UV-vis diffuse reflectance spectroscopy (DRS, Lambda 35, Perkin Elmer) was used to determine the light absorption of undoped and Fe-doped TiO 2 nanoparticles. The surface areas were determined by N 2 adsorption using the Brunauer-Emmett-Teller method (BET, Bel Japan Inc., Belsorp II). Before the measurement, all the samples were exposed to a vacuum condition at 150
• C overnight to remove any remaining moisture. Finally, the chemical state (oxidation state and elemental composition) of the particle surface was studied by X-ray photoelectron spectroscopy (XPS, Omicron Nano Technology ELS 5000).
Note that in our previous work, initial characterization of the nanoparticles has already been reported [11] . Transmission electron microscope (TEM) was used to determine the nanoparticle size in terms of diameter as well as nanoparticle size distribution. X-ray diffraction (XRD) was employed to determine the phase of the samples, while energy dispersive X-ray (EDX) analysis was carried out to determine the elemental composition of the samples and to prove the presence of Fe in the TiO 2 crystal structure.
Photocatalytic Study.
A simple photocatalytic reactor was used in this study similar to the setup described elsewhere [17] . The photocatalytic study was carried out at room temperature. A volume of 400 mL methylene blue with a concentration of 6 ppm (∼pH 5.5) was poured into a 500 mL cylinder which was placed on a magnetic stirrer. An 8 W lamp (UV lamp-254 nm peak wavelength or a fluorescent lamp-420 nm peak wavelength, initial intensity 400 lumens) was immersed in the methylene blue. After that, 0.02 g of TiO 2 nanoparticles (isoelectric point ∼pH 5.2) was introduced into the cylinder. The lamp and magnetic stirrer including an air pump (to provide air for the photocatalytic oxidation reaction) were switched on simultaneously. A volume of 6 mL of methylene blue suspension was then dispensed out every designated period of time. A UV-vis spectrophotometer (Thermo Scientific Helios Alpha) was used to determine the absorbance value at 664 nm (the absorbance peak of methylene blue). All experimental runs were repeated for at least 2 times.
Results and Discussions
Characterization.
The surface areas of the undoped and Fe-doped TiO 2 nanoparticles were determined by N 2 adsorption using the BET method and tabulated in Table 1 . The average nanoparticle size was also calculated from the BET data by applying the following equation:
where D is the average nanoparticle size, SA is the surface area from the BET data, and ρ is the density taken as 3.9 g/cm 3 . The results are also tabulated in Table 1 . It can be seen that there was a slight increase in the nanoparticle surface area from 91.86 to 113.19 m 2 /g as the amount of Fe dopant was increased from 0.001 to 0.05 g. Accordingly, the average nanoparticle size was seen to slightly decrease with an increase in the Fe dopant concentration. The decrease in the average nanoparticle size can be ascribed to the fact that Fe doping slows the growth of the TiO 2 [19] . This is due to differences in the atomic radius of Fe 3+ and Ti 4+ which will result in some degree of lattice deformation when Fe 3+ ions are incorporated into the crystal structure of TiO 2 . The lattice deformation consequently causes the growth of grains to become restrained, leading to a decrease in the overall nanoparticle size [20] . These findings are supported by the XRD and TEM data previously reported [11] . Regardless of the deviation in the values determined from XRD and TEM, the results are consistent with the values determined from the BET method. nanoparticles, Degussa P25, are also tabulated in Table 1 whereby the values are significantly different in comparison with those of the samples produced.
Diffuse reflectance spectroscopy was used to determine the absorption shift and the bandgap energy of all the samples. Figure 1 shows diffuse reflectance spectra of undoped and Fe-doped TiO 2 nanoparticles including the Degussa P25. As can be seen from Figure 1 , Fe-doped TiO 2 samples show a strong absorption in the visible range, demonstrating a red shift in the band gap transition of the samples. The absorption shift to the higher wavelength became prominent as the concentration of Fe dopant was increased. However, undoped TiO 2 nanoparticles and Degussa P25 almost had no absorption above the fundamental absorption edge of 400 nm. These results seem to be consistent with the findings by Zhang et al. [18] . Figure 1 also shows that for samples obtained from relatively low concentrations of Fe dopant (<0.05 g Fe), no broad band centred at 500 nm was detected indicating that there were no separated phases of iron oxide [21] . However, a band at around 530 nm started to appear when the Fe dopant was increased to 0.05 g demonstrating the existence of separated phases of iron oxide. The results suggest that for samples containing relatively low concentration of Fe, Figure 2 : XPS spectra of the synthesized undoped and TiO 2 nanoparticle samples.
the Fe was indeed incorporated inside the crystal lattice of the TiO 2 nanoparticles instead of forming iron oxide while high concentration of Fe dopant will lead to the formation of iron oxide. The presence of separated phases of iron oxide is not favored because it could decrease the photocatalytic activity of the samples [21] . A quantitative evaluation of the bandgap energy of all the samples can be determined by plotting (a · hν) 1/2 against hν (where a is absorbance and hν is photon energy) and extrapolating the absorption edge to zero [22] (figure not shown). The bandgap energy values determined for all the samples are tabulated in Table 1 . It can be clearly seen that the bandgap energy values decrease with an increase in the amount of Fe dopant, further supporting the red shifting in the band gap transition of the samples consistent with the findings of Gracia et al. [22] . The shift is attributed to the incorporation of the Fe ions into the TiO 2 crystal structure. It has been reported that red shifts of this type could be ascribed to the overlapping of the conduction bands due to Ti (d) of TiO 2 and the metal (d) orbital of the Fe ions which reduces the band gap energy of the TiO 2 and thus enabling them to absorb visible light [10] .
XPS analysis was carried out in order to characterize the chemical state of the sample surface. Figure 2 shows the XPS spectra of the undoped and Fe-doped (0.03 g Fe) TiO 2 nanoparticle samples. The Fe-doped (0.03 g Fe) sample was chosen because this sample has an average amount of Fe/Ti ratio (atomic %) [11] . From Figure 2 [23] . There were shifts in the Ti 2p3/2 and Ti 2p1/2 peak positions due to the presence of tetravalent Ti 4+ , as expected in TiO 2 . On the other hand, the peaks at binding energies of 530.8 and 532.2 eV are assigned to the O 1s peak. Apart from the emission peaks of titanium (Ti), and oxygen (O), the peaks of carbon (C) were also observed most probably due to the carbon originating from the TBOT precursor used during sample preparation.
Meanwhile, for the XPS spectra of the doped sample, one would expect to see distinct Fe 2p characteristic peaks around a binding energy of 711 eV that should correspond to the presence of either Fe 3+ or Fe 2+ ions on the surface of the TiO 2 [8, 22] . Considering the ionic radius of Ti 4+ (0.605Å) and Fe 3+ (0.645Å) are almost the same, Fe 3+ could replace Ti 4+ when forming a solid solution. However, this was not the case since no Fe could be detected on the surface of the TiO 2 nanoparticles. Note that EDX results reported in previous work confirmed the presence of Fe in the samples [11] . Due to the lack of the aforementioned peaks, it is believed that the iron was most probably inserted into the interior matrix of the Fe-doped TiO 2 nanoparticles instead of the exterior surface [24, 25] . Furthermore, since XPS can only characterize the surface chemistry of the samples of up to approximately 5 nm while EDX can penetrate up to 5 μm depending on the instrument specification, the results obtained support this idea.
Photocatalytic Activity.
Two types of light sources were used in the photocatalytic study to determine whether there was an enhancement in photocatalytic activity of the synthesized Fe-doped TiO 2 nanoparticles samples under UV and/or visible light irradiation. The photocatalytic activity of the samples was determined by the degradation of methylene blue aqueous solution over a period of 1 hour and 6 hours under UV light and fluorescent lamp irradiation, respectively. Under the UV light irradiation, the degradation of methylene blue occurred very quickly and was almost complete after only 10 minutes of reaction time. The photocatalytic activity for all the samples was quantitatively evaluated by calculating the respective pseudo first-order rate constants (k) according to the following equation:
where C o and C are, respectively, the initial concentration and the reaction concentration of methylene blue at time t. Figure 3 shows the plots of ln(C o /C) against time for the undoped and Fe-doped samples including Degussa P25. The graphs were fitted with linear trendlines from which the rate constants were determined. Error bars represent the standard deviation values obtained from repeated experiments.
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It can be seen from Figure 3 that all of the samples were capable of degrading methylene blue as indicated by the decrease in the methylene blue solution concentration throughout the period of the photocatalytic study. A very slight decrease of methylene blue for blank experiment is likely due to the interaction of methylene blue with light (photolysis). The rate constant represents the photocatalytic activity of the TiO 2 nanoparticle samples. The higher the rate constant value, the faster the degradation of methylene blue and thus the better the photocatalytic activity of the samples. For clarity, the rate constants obtained from the slope of the fitted linear trendlines are tabulated in Table 1 .
Comparing photocatalytic activity of the undoped TiO 2 nanoparticles and the commercial Degussa P25, there are two important observations that can be deduced from the rate constant values tabulated in Table 1 ; undoped TiO 2 nanoparticles have a lower photocatalytic activity compared to Degussa P25 under UV light and conversely have a higher photocatalytic activity compared to Degussa P25 under fluorescent lamp. Firstly, since the undoped TiO 2 nanoparticles are purely anatase [11] , Degussa P25 which consists of 75% anatase and 25% rutile has a higher photocatalytic activity that benefits from the mixed phase of anatase and rutile although the surface area is smaller and the particles size is larger than the undoped TiO 2 nanoparticles. This finding suggests that crystallinity plays a more important role than particle size in determining the photocatalytic activity as supported by the work of Othman et al. [17] .
Secondly, undoped TiO 2 nanoparticles have a higher photocatalytic activity than Degussa P25 under fluorescent light probably due to the fact that the bandgap energy of undoped TiO 2 nanoparticles is more suitable and closer to the wavelength of the lamp that was used in this study. The bandgap energy values obtained can be converted to wavelength using the following equation [26] :
where λ is wavelength in nm. Using (3), the respective calculated wavelength for the undoped TiO 2 nanoparticles and Degussa P25 are 410.6 and 400.0 nm, respectively. The fluorescent lamp that was used in this study has the highest peak intensity at a wavelength of around 420 nm, which is relatively closer to the wavelength of the undoped TiO 2 nanoparticles. This finding implies that choosing a suitable wavelength of light is important in order for the TiO 2 to work efficiently as a photocatalyst. Other than that, undoped TiO 2 nanoparticles are smaller in size and have a larger surface area for photocatalysis to occur, resulting in an improved photocatalytic activity than Degussa P25. Furthermore, from Table 1 , it can be seen that the rate constant of the samples under UV light irradiation is much higher compared to the rate constant under fluorescent lamp irradiation. This is not surprising since the absorbance values for the TiO 2 samples are much lower in the visible light region as shown previously in Figure 1 . What is surprising is that there is a significant difference in rate constant values for undoped and Fe-doped TiO 2 nanoparticles. There is an unexpected decrease from 15.35 to 5. Under UV light irradiation, it is understandable that the addition of the Fe dopant had reduced the photocatalytic activity of the samples due to the fact that there was a decrease in bandgap energy or an extension of their absorption edge to the longer wavelength region as previously shown in Table 1 and Figure 1 . This result is consistent with 6 Journal of Nanomaterials the findings of Pal et al. [27] . They reported that photocatalytic activity of Yb-doped TiO 2 nanoparticles under UV light decreased due to the extension of the absorption edge of the nanoparticles towards the longer wavelength region.
However, it is not entirely clear as to why the addition of Fe dopant caused a significant decrease in photocatalytic activity under fluorescent lamp irradiation, especially since the bandgap energy was reduced and the diffuse reflectance spectra shown earlier in Figure 1 suggested that there was strong absorption in the visible light region. Moreover, the BET data shown in Table 1 indicated an improvement in surface area and a decrease in particle size, which could have enhanced the photocatalytic activity.
These findings seem to contradict to a few of the previous reports in terms of advantages of Fe-doping on the photocatalytic activity of TiO 2 . For example, Zhang et al. [9, 18] reported that Fe-doped TiO 2 -coated photocatalyst prepared by the MOCVD method exhibited good photocatalytic activities for the degradation of methyl orange under visible light irradiation compared to undoped samples. It is noted that their method used to introduce the Fe dopant source was different from the current study. Zhou et al. [8] also reported that a small amount of Fe dopant in mesoporous TiO 2 powder prepared by the sol-gel method could enhance the photocatalytic activity of the samples under a 365 nm UV lamp irradiation.
Nonetheless, further search in the literature revealed the work of Li et al. [25] who produced Fe-doped TiO 2 nanoparticles via a modified hydrothermal process. They found that the photocatalytic activity of their synthesized Fedoped TiO 2 nanoparticles decreased with the increase of the Fe content, consistent with the findings in this study. Furthermore, their XPS data indicated that the Fe was not located on the exterior of the samples but rather in the interior. These findings reveal that the location of the Fe in the crystal structure plays a major role in determining the photocatalytic properties of the doped samples.
It is generally accepted that the improvement in the photocatalytic activity of the Fe-doped TiO 2 compared to undoped TiO 2 is due to the fact that Fe 3+ ions can act as both electron and hole traps that enhance the lifetime of the electrons and holes. Acting as both electron and hole traps, Fe 3+ ions can translate into Fe 2+ and Fe 4+ ions by trapping photo-generated electrons and holes ( (5) and (6) (7) and (9)), which can enhance the photocatalytic activity. Meanwhile, Fe 4+ ions can be reduced to Fe 3+ ions by releasing electrons in which the surface hydroxyl group turn into hydroxyl radical (10) that can further improve the photocatalytic activity [20] : 
However, as the Fe 3+ was inserted into the matrix interior of the TiO 2 nanoparticles instead of the exterior, the role of the Fe 3+ ions changed. The Fe 3+ ions were isolated far from the surface, and this led to a lower possibility of transferring trapped charge carriers to the surface [24, 25] . Consequently, the Fe 3+ ions were more likely to serve as recombination centres ( (5), (6) , and (11)- (13)) for the electron and hole pairs instead of trap sites for eventual charge transfer at the interface [24, 25] . This results in lower photocatalytic activity [20, 25] 
It is noteworthy to evaluate how different ways of introducing dopant into the MOCVD reactor could easily affect the location of the dopant inside the TiO 2 and hence affect the photocatalytic activity of the samples. Previous studies by Zhang et al. have used two different ways of dopant introduction into the MOCVD; via codeposition method [18] and via a one-step process [9] . Both methods have successfully produced Fe-doped TiO 2 coatings that exhibited good photocatalytic activity under visible light irradiation. In the codeposition method, the TiO 2 was first deposited onto the activated carbon. The deposition of Fe was conducted using the same MOCVD method only after the deposition of TiO 2 was completed [18] . For the onestep process method, both the precursor and Fe dopant were introduced simultaneously inside the MOCVD reactor using two separate gas lines [9] . Note that even for the codeposition method, two separate gas lines were used for the precursor and dopant. This indicates that the chemicals will only meet and react inside the reactor for both methods. Thus, for both methods especially the codeposition method, the possibility of Fe to be uniformly distributed on the matrix exterior instead of inserted into matrix interior is much higher.
In contrast, the current study employed a procedure whereby the dopant and precursor were mixed and maintained at 175
• C inside a bubbler before they were introduced into the MOCVD reactor simultaneously via a gas line. Note that the melting point of solid ferrocene is around 172
• C. It is speculated that the liquid precursor and solid dopant that were mixed together and maintained at a temperature of 175
• C would first react inside the bubbler to form a complex compound before going into the reactor. When the vapour decomposed inside the reactor and began to form nanoparticles, there was a higher possibility of Fe to exist in the matrix interior rather than the exterior and thus altering its role as recombination sites rather than electron and hole traps. Note that although Fe-doped TiO 2 have lower photocatalytic activity than undoped TiO 2 nanoparticles, the doped nanoparticles find use in certain applications especially as anti-UV agents in cosmetics, paints, or plastics. It is generally accepted that as an anti-UV agent, it is essential to degrade the photocatalytic activity of the TiO 2 nanoparticles because strong oxidation potentials of TiO 2 could accelerate photodegradation reaction of some organic elements in these products. Therefore, it can be deduced that the choice of method to produce the Fe-doped TiO 2 nanoparticles should be made in view of the photocatalytic performance and applications.
Conclusions
Undoped and Fe-doped TiO 2 nanoparticles were successfully synthesized via the MOCVD method using TBOT as precursor. The N 2 adsorption results revealed that surface area increased with an increase in Fe dopant concentration demonstrating a reduction in the average nanoparticle size of the samples. Diffuse reflectance spectra indicated an absorption shift of the Fe-doped TiO 2 nanoparticles to longer wavelengths, thus showing an enhancement in the absorption of the visible spectrum. Bandgap energy values calculated from diffuse reflectance data displayed a red shift in the band gap transition. The effects become more pronounced with the increase of Fe dopant concentration. However, it was found that the Fe doping decreased the photocatalytic activity of the samples. XPS data illustrated that Fe 3+ was not found on the surface exterior of the TiO 2 nanoparticles, but instead was inserted into the matrix interior, which had a direct impact on the photocatalytic activity of the nanoparticles. Due to the reduction in photocatalytic activity, it is believed that Fe 3+ ions were more likely to serve as recombination centres for the electron and hole pairs instead of trap sites for eventual charge transfer at the interface. It can be concluded that the choice of method to produce the Fe-doped TiO 2 nanoparticles should be made in view of the photocatalytic performance and applications.
